The classic analysis by Anderson and Malone (Biophys J 14: 957-982, 1974) of the osmotic flow across membranes with long circular cylindrical pores is extended to a fiber matrix layer wherein the confining boundaries are the fibers themselves. The equivalent of the well-known result for the reflection coefficient 0 ϭ (1 Ϫ ) 2 , where is the partition coefficient, is derived for a periodic fiber array of hexagonally ordered core proteins. The boundary value problem for the potential energy function describing the solute distribution surrounding each fiber is solved by defining an equivalent fluid annulus in which the pressures and osmotic forces are determined. This model is of special interest in the osmotic flow of water across a capillary wall, where recent experimental studies suggest that the endothelial glycocalyx is a quasiperiodic fiber array that serves as the primary molecular sieve for plasma proteins. Results for the reflection coefficient are presented in terms of two dimensionless numbers, ␣ ϭ a/R and ␤ ϭ b/R, where a and b are the solute and fiber radii, respectively, and R is the outer radius of the fluid annulus. In general, the results differ substantially from the classic expression for a circular pore because of the large difference in the shape of the boundary along which the osmotic force is generated. However, as in circular pore theory, one finds that the reflection coefficients for osmosis and filtration are the same. endothelial glycocalyx layer; reflection coefficient THE THERMODYNAMIC THEORY for the osmotic flow through porous membranes is largely based on the movement of water and solute through long, circular, cylindrical pores as described by Anderson and Malone (2). This theory is applicable to cell membrane proteins with hydrophilic interiors that either allow only the passage of water, such as aquaporins, or have larger channels that permit the passage of water and the restricted convection and diffusion of small solutes. In contrast to this classic theory, Michel (13) and Weinbaum (21) have independently proposed that the osmotic forces that are exerted across the capillary wall are due to the sieving of plasma proteins by a surface fiber matrix layer of proteoglycans and glycoproteins that is called the endothelial glycocalyx layer (EGL). The Michel-Weinbaum model further suggests that the pressure and osmotic forces in the Starling equation for fluid exchange should be applied just across this layer, rather than globally between plasma and tissue as previously believed. Because of the presence of a junction strand in the interendothelial cleft behind the EGL, there is a strong asymmetry in the effectiveness of solutes located on the plasma and tissue fronts, resulting from the washout of solutes from the protected region on the lumen side of the tight junction strand. Strong evidence in support of this hypothesis is provided by recent experiments in frog (9) and rat mesentery capillaries (1), where the tissue was back loaded with albumin at the same concentration as the lumen and nearly the full plasma osmotic force was observed.
THE THERMODYNAMIC THEORY for the osmotic flow through porous membranes is largely based on the movement of water and solute through long, circular, cylindrical pores as described by Anderson and Malone (2) . This theory is applicable to cell membrane proteins with hydrophilic interiors that either allow only the passage of water, such as aquaporins, or have larger channels that permit the passage of water and the restricted convection and diffusion of small solutes. In contrast to this classic theory, Michel (13) and Weinbaum (21) have independently proposed that the osmotic forces that are exerted across the capillary wall are due to the sieving of plasma proteins by a surface fiber matrix layer of proteoglycans and glycoproteins that is called the endothelial glycocalyx layer (EGL). The Michel-Weinbaum model further suggests that the pressure and osmotic forces in the Starling equation for fluid exchange should be applied just across this layer, rather than globally between plasma and tissue as previously believed. Because of the presence of a junction strand in the interendothelial cleft behind the EGL, there is a strong asymmetry in the effectiveness of solutes located on the plasma and tissue fronts, resulting from the washout of solutes from the protected region on the lumen side of the tight junction strand. Strong evidence in support of this hypothesis is provided by recent experiments in frog (9) and rat mesentery capillaries (1) , where the tissue was back loaded with albumin at the same concentration as the lumen and nearly the full plasma osmotic force was observed.
Although a rigorous theory based on classic transport and thermodynamic relations was developed by Anderson and Malone (2) to determine the reflection coefficient for long, circular, cylindrical pores, no equivalent analysis has been developed for a sieving fiber matrix layer. The central tenet in the Anderson-Malone model is that there is an exclusion region near the walls of the pores producing a radial discontinuity in hydrostatic pressure and concentration that provides the driving force for the osmotic flow. For the theory derived in the present study, we examined the equivalent effect that develops along the walls of the fibers in a simplified model for a periodic fiber array. This model is based on the recent experiments of Squire et al. (18) , which showed that the EGL is a threedimensional quasiperiodic structure in which the core protein fibers form bushlike clusters associated with the underlying actin cortical cytoskeleton (ACC). This conceptual picture was then converted into an idealized mathematical model with the use of the hexagonal symmetry in Weinbaum et al. (22) . In this study, we used this idealized fiber geometry to develop a theory for determining the reflection coefficient in an ordered fiber matrix layer.
Osmotic or oncotic flow is generated between solutions of different concentrations separated by a discriminating barrier. If the solutes are larger than the pores, the barrier is semipermeable: solvent can pass through it freely, whereas solutes will be impermeable. For semipermeable membranes, Mauro (12) and Ray (15) advanced independently a model to describe the equivalence between the pressure and osmotic driving forces at the membrane-solution interface (fluid boundary between bulk and pore fluid). Whereas the solutes exert their full osmotic pressures across a semipermeable barrier, Staverman (19) proposed that for a barrier that is partially permeable to solutes, one must introduce a reflection coefficient, 0 , to account for the fraction of the full osmotic pressure that would be exerted across a porous (leaky) membrane. For a leaky membrane, the total flow is determined by the difference in osmotic pressures on each side of the barrier, as well as the difference in hydrostatic pressures. Therefore,
where J V /A is the fluid filtration flux across the barrier, L p is the hydraulic permeability, ϱ denotes the bulk solution conditions, and ⌬P and ⌬ are the differences in the hydrostatic and osmotic pressures across the barrier, respectively. Because of the striking similarity between the sieving of macromolecules by artificial porous membranes and the ultrafiltration of plasma proteins at the capillary wall, many investigators have used pore or slit theory to describe the osmotic force exerted at the capillary wall (5). The basic mechanism for osmotic flow in pores is shown in Fig. 1 , adapted from Anderson and Malone (2) . The steric exclusion of solute from the pore wall, r ϭ r w , establishes an equilibrium pressure drop, P e (z) Ϫ P c (z) ϭ Ϫ c (z), across the imaginary boundary r ϭ r w Ϫ a, where P e is the pressure in the solute-excluded layer and P c and c are the fluid and osmotic pressures in the core region, respectively. This pressure drop produces the driving force for osmotic flow. The theoretical model by Anderson and Malone assumes that the pore length is much greater than the pore radius so that end effects are negligible. This theory is extended by Yan et al. (23) for short pores, where pore entrance and exit behavior are described. Using a rigorous theory based on classic transport and thermodynamic relations, Anderson and Malone (2) showed that for a circular pore with spherical solutes that experience only steric exclusion,
where is the partition coefficient, defined as the ratio between the area available to solute and that available to water, i.e.,
In the absence of an equivalent theory for a fiber matrix layer, Curry and Michel (6) suggested an expression identical to Eq. 2 to describe the reflection coefficient for the osmotic forces developed by the surface matrix in capillary endothelium, because the flow between fibers can be approximated as pseudo-Poiseuillean. The partition coefficient for a periodic fiber matrix is defined by the ratio between the area available to the solute and that of a periodic unit of the fiber matrix. This is an intuitive extrapolation without detailed derivation. One of the objectives of this study was to examine the validity of this simple intuitive extrapolation for a periodic fiber array.
MODEL DESCRIPTION
In the past, the molecular sieve associated with the surface glycocalyx was assumed to be a fiber matrix composed of glycoproteins with extended glycan side chains of typically 0.6 nm in radius and 7-8 nm of gap spacing associated with the disaccharide repeat along the core protein. This repeat distance was assumed by Fu et al. (7) and in subsequent studies (9, 10) to provide the dimensions of the molecular sieve for albumin. It is typical of the two-dimensional appearance of glycan side chains along chondroitin sulfate proteoglycans when observed on carbon filters (3).
The observations by Squire et al. (18) provide an alternative picture for the sieving structure of the EGL, shown in Fig. 2A . Using computed autocorrelation functions and Fourier transforms of electron microscopic images obtained from both new (18) and previous studies (4) of frog mesenteric capillaries, Squire et al. were able to identify for the first time the quasiperiodic substructure of the glycocalyx and the anchoring foci that appear to emanate from the underlying ACC. The computer-enhanced images showed that the glycocalyx is a three-dimensional fibrous meshwork with a characteristic spacing of 20 nm in all directions and that the effective diameter of the periodic scattering centers was 10 -12 nm. These periodic scattering centers could be either aggregated glycan side chains that take on a spherical appearance or plasma proteins that are attracted by negative charge repeats. Using a freeze-fracture replica from a rare section where the fracture plane passed parallel and close to the endothelial surface, they also showed that anchoring foci formed a hexagonal array with an intercluster spacing of typically 100 nm in frog lung capillary.
The schematic organization of the EGL proposed by Squire et al. (18) is shown in Fig. 2 , adapted from Weinbaum et al. (22) . Figure 2B is an en face view of the idealized mathematical model of the EGL proposed by Weinbaum et al., which assumes both a hexagonal arrangement of the core proteins in The velocity in the excluded zone, rw Ϫ a Ͻ r Ͻ rw , is a function of r, whereas the velocity in the core region, r Ͻ rw Ϫ a, is relatively flat when the hydrostatic pressures at both ends are the same. See text for definitions. each cluster and a hexagonal arrangement of the actin filaments in the underlying ACC. To simplify the description of the EGL's function as a molecular sieve, the core proteins with their 10-to 12-nm scattering centers are replaced by circular cylindrical fibers whose diameter is the same as the scattering centers. Figure 3A 
in which V f is the solid fraction, defined as
Equation 4 takes account of the steric exclusion of a solute of radius a by a fiber of radius b.
METHODS
The flow geometry in the periodic unit in Fig. 3A is difficult to treat theoretically. Thus we wanted to construct an equivalent flow geometry around each fiber that has nearly the same flow characteristics as the periodic unit in Fig. 3A . This geometric construction, which is shown in Fig. 3B , is similar to the construction first proposed by Happel (8) for the flow through periodic fiber arrays.
Simplified fiber flow geometry. For the flow parallel to the fiber axis in the periodic unit shown in Fig. 3A , the dashed lines AB, CB, and DB are lines of flow symmetry along which ‫ץ‬U/‫ץ‬n ϭ 0, where U is the local velocity along the fiber axis and n is normal to AB, CB, or DB. The lines ABC, ABD, and CBD can be replaced by circular arcs with an effective radius R, as shown in Fig. 3B . R is chosen such that one-half of the resulting fluid annulus has the same area as the open-flow cross section in Fig. 3A , i.e.,
Solving for R, one obtains
For b ϭ 6 nm and ␦ ϭ 8 nm, R ϭ 10.5 nm. Therefore, the periodic unit in Fig. 3A can be approximated by a fiber surrounded by a fluid annulus whose outer radius is R, as shown in Fig. 3B . R is much smaller than the EGL thickness, L, which has been estimated to vary between 150 and 400 nm (18, 20) . This assumption in Fig. 3B enables us to take advantage of a cylindrical coordinate system with symmetry about the longitudinal axis of the fiber and, also, to neglect end effects. Applying Eq. 7 to Eqs. 5 and 6, one finds that
Reflection coefficient 0. One can use the Gibbs-Duhem equation to relate pressure and potential energy gradients in the radial direction in the fluid annulus b Ͻ r Յ R in Fig. 3B . Because the chemical potential is constant in the radial direction, 
where P is the hydrostatic pressure, C is the solute concentration, and (r) is the solute potential energy field that controls the radial distribution of the solute in the annulus. (r) could include London forces and electric effects, as well as steric exclusion. The Boltzmann equation is valid if one assumes a constant activity coefficient of solute and a low volume fraction. Therefore, the solute concentration is given by
where CR is the value of C at r ϭ R in Fig. 3B and z is the axial direction of the fibers, ᑬ is the universal gas constant, and T is the absolute temperature. Our model differs from that of Anderson and Malone (2) in that our model describes the fluid annulus surrounding individual fibers, as shown in Fig. 3B , rather than circular cylindrical pores. Substituting Eq. 10 into Eq. 9 and integrating the resulting equation, one finds,
where R(z) is the axial variation of the osmotic pressure, ᑬTCR(z), along the fiber axis. The subscript R denotes that the functions are evaluated at the symmetry line, where r ϭ R. Equation 11 describes the coupling of osmotic and hydrostatic pressures in generating the driving force for the bulk flow through the EGL. Neglecting the end effects, one can write the momentum balance for the fluid flow as
where U ϭ U(r,z) is the axial velocity. The boundary conditions for Eq. 12 are
where ␤ ϭ r/R. Equation 13A is the no-slip condition at the fiber surface, whereas Eq. 13B is the symmetry condition at the outer boundary of the fluid annulus. Substituting Eq. 11 into Eq. 12, integrating, and applying the boundary conditions 13A and 13B, one finds
Therefore, the average velocity over an annular cross section is
By continuity, Ū is independent of z, and Eq. 15 can be directly integrated along the fiber axis to obtain
where
and
where L FM is the hydraulic permeability of the fiber matrix, and ε is the void volume fraction of the fiber matrix. Therefore,
The Boltzmann and Gibbs-Duhem relations are applied at the cylinder ends.
where 0ϱ, Lϱ, P0ϱ, and PLϱ denote the osmotic and hydrostatic pressures in the bulk fluid phase at the EGL entrance and exit planes. Substituting Eqs. 20A-20D into Eq. 16, one can rewrite the resulting equation in the form of Eq. 1, since εŪ ϭ J V/A. The final result is
By using Eq. 18, Eq. 23A also can be written as
Steric exclusion with spherical solute molecules. One cannot calculate 0 using Eq. 23 unless (r) is a known function. The simplest model is that for pure steric exclusion of the solute molecules treated as rigid spheres of radius a. For this case
Accordingly, the potential energy is described by the Heaviside or step function
Substituting Eq. 25 into Eq. 23, one finds
Evaluating the integrals in Eq. 26, one obtains
Equation 27 can be written in more compact form using the definition Eq. 13 for ␤ and introducing a second dimensionless length parameter, ␣ ϭ a/R,
In terms of ␣ and ␤, the expression for in Eq. 8 can be simplified to
Pressure and velocity fields for spherical solute molecules. We next wanted to examine the pressure distribution and velocity profiles in the excluded zone, b Յ r Յ a ϩ b, and in the fluid annulus, a ϩ b Յ r Յ R. In the excluded zone of thickness a adjacent to the fiber wall, there is no solute. In the fluid annulus, the solute equilibrium distribution is only a function of z. This radial partitioning establishes an equilibrium pressure drop across the imaginary boundary r ϭ a ϩ b:
because Pa(z) ϭ PR(z) and a(z) ϭ R(z). The subscript "e" denotes the excluded region, subscript "a" denotes fluid annulus region outside the excluded region, and a(z) is the thermodynamic osmotic pressure one would measure at the concentration C(z) in the fluid annulus region. The mechanism for osmotic flow across the fiber matrix is clear from Eq. 30. The steric exclusion of solute near the fiber wall creates an abrupt pressure change proportional to the solute concentration; thus an axial concentration gradient in the fluid annulus region generates an axial pressure gradient in the excluded region near the fiber boundary that is the driving force for the fluid in the annulus. The equation for the velocity profile is derived from Eq. 14. 
in which
and V e,os ͑r,z͒ ϭ 2͑␣ ϩ ␤͒
In the fluid annulus region, a ϩ b Յ r Յ R,
One notices that the hydrostatic components of the velocity in both the excluded region and the fluid annulus region are the same as in Happel's periodic fiber model for axial flow (8) . However, the osmotic components of the velocity differ from the hydrostatic components. Note that Eq. 32C, which describes the osmotic contribution to the velocity profile in the fluid annulus, is independent of r and thus non-Poiseuillean in nature. However, the osmotic contribution in the excluded zone is a function of r containing both parabolic and logarithmic terms. The average velocity derived from Eq. 15 is
As mentioned in the model by Anderson and Malone (2), the exact determination of ‫ץ‬Pa/‫ץ‬z and ‫ץ‬a/‫ץ‬z requires the solution of the mass flux equation for solute, which is coupled to the velocity profile. When the bulk hydrostatic pressures at both sides are the same, ‫ץ‬P a/‫ץ‬z is close but not equal to zero, and the velocity in the fluid annulus is relatively flat because V a,os(z) is not a function of r. On the other hand, Ue(r,z) is a function of r. A sketch of a typical axial velocity profile when Pϱ(0) ϭ Pϱ(L) is shown in Fig. 3C . Reflection coefficient for filtration f The reflection coefficient for filtration, f, is defined by Curry (5) as
in which JS is the solute convective flux, JV is the solvent flux, C1 is the solute concentration in the bulk solution at the entrance to the fiber layer, and U is the pressure-driven velocity through a periodic unit of the fiber matrix. The lower limit of integration r ϭ a ϩ b for the solute convective flux arises from the steric exclusion due to the finite solute size. Equation 34 assumes that the solute is convected at the local velocity of the solvent and thus neglects the hydrodynamic interaction with the fiber boundary. As shown by Happel (8),
which is exactly the same as the osmotic reflection coefficient given in Eq. 28.
RESULTS
In Fig. 4 we have plotted the dimensionless solvent velocity profile resulting from the hydrostatic pressure gradient, V hy (dashed curve), and compared this profile with the velocity profiles resulting from the osmotic pressure gradient given by Eq. 31C in the excluded zone, V e,os (dotted curves), and Eq. 32C in the fluid annulus, V a,os (solid curves), for three different size solutes: sucrose (a ϭ 0.46 nm), ␣-lactalbumin (a ϭ 2.01 nm), and albumin (a ϭ 3.5 nm). We applied the fiber matrix structure proposed in Refs. 18 and 22 for the EGL, where b ϭ 6 nm and ␦ ϭ 8 nm. Equation 7 predicts that R ϭ 10.5 nm. The vertical reference lines show the interface between the excluded region and the fluid annulus, and the vertical boundary on the right is the edge of the periodic unit. The hydrostatic velocity component is independent of solute size, whereas the osmotic velocity components are strongly size dependent. For large molecules like albumin, the velocity component resulting from the osmotic pressure gradient (or concentration gradient) is substantial. On the other hand, for small molecules like sucrose, the osmotic contribution to the velocity profile is trivial.
In Fig. 5 , we have plotted 0 given by Eq. 28 as a function of one of the two dimensionless lengths, ␣ and ␤, with the other treated as a fixed parameter. ␤ 2 is used instead of ␤, because this is the widely used fiber fraction, V f . In Fig. 5A , we have shown 0 as a function of ␣ for three values of ␤ One observes that for these values of ␣ and ␤ 2 , and for this range of , the predictions for 0 from the pore theory are close to those for Eq. 28. For other values of ␣ or ␤ 2 , the discrepancy is much larger.
DISCUSSION
Heretofore, the molecular sieving structure of the EGL had been widely assumed to be associated with extended GAG side chains periodically arranged along the core proteins of proteoglycans (6, 7, 10) . These extended fibers were thought to be sialic acid side chains with typically 0.6-nm radius. Because the structure of the proteoglycans was largely deduced from their two-dimensional appearance when splayed out on carbon filters (3), it was never clear how the fibers formed a threedimensional lattice. It was assumed that in their extended state, the protein monomers had a bottle brush appearance. The structural model depicted in Fig. 2 , adapted from Weinbaum et al. (22) , is an appealing alternative in that it provides a reasonable three-dimensional organization of the matrix that is consistent with the latest ultrastructural studies (18) . For a ϭ 3.5 nm (albumin), if b ϭ 0.6 nm and ␦ ϭ 8 nm, values typical of extended glycosaminoglycan side chains, Eq. 3 predicts that 0 ϭ 0.52. In contrast, if b ϭ 6 nm and ␦ ϭ 8 nm, Eq. 28 predicts that 0 ϭ 0.64. The measured value of 0 is typically Ͼ0. 9 (14) . This can be achieved simply by decreasing ␦ to 6.5 nm while keeping b ϭ 6 nm. For a ϭ 2.0 nm (␣-lactalbumin), b ϭ 6 nm, and ␦ ϭ 6.5 nm, Eq. 28 predicts that 0 ϭ 0.32, which is close to the lower limit of the measured 0 for ␣-lactalbumin in frog mesenteric capillaries of 0.34 -0.69 (11) . The current model may underestimate the value of 0 because other factors, such as electric charge, cross-links between core protein fibers, and clustering of core proteins at the base of each cluster have not been taken into consideration. Therefore, the structural model proposed in Refs. 18 and 22 provides more realistic predictions for 0 than a model based on extended GAG side chains.
Our own unpublished electron micrographs and those of Rostgaard and Qvortrup (16) suggest that the filamentous strands depicted in Fig. 2 are primarily perpendicular to the lipid bilayer. In other models of the glycocalyx, these fibers are aligned in a periodic array parallel to the bilayer. We have not attempted to develop a theory for the reflection coefficient for the latter fiber geometry because its analysis is much more difficult. Fluid mechanicians have questioned the validity of the zero vorticity (zero shear stress) boundary condition applied by Happel (8) at r ϭ R for flow transverse to the fiber axis. This flow geometry was later analyzed by Sangani and Acrivos (17) using an infinite series solution combined with boundary collocation methods. These numerical solutions could be employed for the parallel fiber array, but one would not be able to obtain easily usable closed form solutions for the reflection coefficient corresponding to Eqs. 28 and 36.
The basic principle behind the osmotic flow in a fiber matrix is that impermeable fiber surfaces within the fiber matrix create radial gradients in solution properties normal to these surfaces that are necessary to maintain thermodynamic equilibrium. A solute potential energy is generated, because the impermeable fiber surfaces interact differently with the solute than with the solvent. The Gibbs-Duhem equation can be applied to relate the hydrostatic pressure and the solute concentration in the vicinity of the fiber surface as proposed by Anderson and Malone (2) for the walls of a cylindrical pore. However, as in the cylindrical pore model (2), factors other than steric exclusion enter into the evaluation of Eq. 23 for 0 . These include, as mentioned earlier, solute shape, electric charge, core protein cross-links, and other fiber geometries.
There are two components to the velocity profile in the excluded region, b Յ r Յ a ϩ b. One is attributed to the hydrostatic pressure gradient, V e,hy , which is proportional to the dashed curve in Fig. 4 , and the other is attributed to the osmotic pressure or concentration gradient, V e,os , which is proportional to the dotted curves in Fig. 4 . Similarly, there are two components to the velocity profile in the fluid annulus, a ϩ b Յ r Յ R, the hydrostatic component, V a,hy , which is proportional to the dashed curve in Fig. 4 , and the osmotic component, V a,os , which is proportional to the solid portion of the velocity profile curves in Fig. 4 . The coefficients of all four dimensionless velocities in Eqs. 31 and 32 have the same scale factor, 4R 2 /, multiplying the hydrostatic or osmotic pressure gradient. As shown in Fig. 4 , V hy (which includes V e,hy and V a,hy ) and V e,os are functions of r. However, V a,os is independent of r and describes the continuity in the osmotic component of the velocity at the interface, r ϭ a ϩ b. Therefore, the velocity profiles in an osmotic-driven flow, where C ϱ (0) \ ϭ C ϱ (L), differ from those in a pressure-driven flow, where
. It is only in the limit where the solute is too large to pass through the fiber array that the profiles are the same. The difference in pressure and osmotic velocity profiles raises a basic question:
, will there be no flow? If the fiber matrix is impermeable to the solute, the answer is yes. The fluids on both sides of the matrix layer are exposed to the same net pressure, P ϱ (z) Ϫ ϱ (z), where z ϭ 0 or L. The osmotic flow is completely balanced by the pressure-driven flow. There is no net flow in the fiber matrix. In contrast, if the fiber matrix is leaky to the solute, the flow across the fiber matrix layer is caused by the difference in the velocity profiles driven by the hydrostatic pressure gradient and the osmotic pressure gradient, and these two profiles differ. The reflection coefficient actually describes this difference (see Eq. 18 or 28) . In Eq. 18, the numerator is proportional to the average velocity for the osmotic flow and the denominator is proportional to that for pressure-driven flow when the pressure gradient is the same as the osmotic pressure gradient.
Another observation is that if one applies equal hydrostatic pressures but unequal concentration or osmotic pressures at both sides of a leaky fiber matrix layer, the velocity in the fluid annulus, U a (r,z), is not zero, primarily because of the osmotic pressure difference, and there must be convective flux for the solute, which leads to a nonuniform concentration or osmotic pressure gradient, ‫ץ‬ a /‫ץ‬z, along the z direction. On the other hand, the average velocity, Ū , defined in Eq. 33, is constant because of the continuity in fluid flux. One concludes that the deviation of ‫ץ‬ a /‫ץ‬z from a constant gradient must be compensated for by a nonvanishing gradient for ‫ץ‬P a /‫ץ‬z. Therefore, the nonlinear effect of convection on the axial concentration profile requires that ‫ץ‬P a /‫ץ‬z 0, although P ϱ (0) ϭ P ϱ (L). The reflection coefficient for filtration ( f ) is exactly the same as the osmotic reflection coefficient in the fiber matrix model when only steric exclusion is considered (see Eqs. 28 and 36). The same result also is obtained for pore theory, where it has been shown (2) that 0 ϭ f . For the fiber matrix model examined in this study, 0 is actually the ratio of the average velocity (or the dimensionless flow rate) for the dimensionless velocity profile AD i E i , i ϭ 1, 2, 3, in Fig.  4 to the average velocity for the velocity profile AB i C, i ϭ 1, 2, 3. f is the ratio of the average velocity (or the dimensionless flow rate) for the dimensionless velocity profile AB i to the average velocity for the profile AB i C, i ϭ 1, 2, 3. The integral of Eq. 31C from b/R to (a ϩ b)/R plus the integral of Eq. 32C from (a ϩ b)/R to 1 yields the same result as integrating Eq. 31B from b/R to (a ϩ b)/R. These integrals involve multiplying the local velocities by 2r. Therefore, 0 ϭ f . This is not unexpected, because both reflection coefficients describe the steric exclusion of solutes from the confining boundaries in a leaky barrier.
The large differences in the expressions for 0 , Eqs. 3 and 28, arise from two sources. One is that the velocity profiles generated by the osmotic gradient (see Eqs. 31C and 32C) are in fact not Poiseuillean and do not have a parabolic profile. The other is that the confining boundary geometries differ greatly, one representing flow interior to a circular cylinder and the other representing flow exterior to the cylinder surface. As shown in Fig. 6B , there is only good agreement between Eqs. 3 and 28 for 0 for all solute radii when ␤ 2 Ϸ 0.16.
The curves in Fig. 6A for Eq. 28 are truncated at values of Ͻ1. ϭ 1 requires that all the area within each periodic unit in the fiber matrix be available to solute, i.e., the solid fraction for the fiber matrix is zero. For each value of ␣ or ␤ 2 , there is a maximum value of that satisfies the constraint ϭ 1 Ϫ (␣ ϩ ␤) 2 . In the limit ␤ 2 3 0, the fiber radius becomes vanishingly small and the minimum value of 0 is determined by the exclusion volume of the solute surrounding the fiber axis, given by 0 3 ␣ 2 , whereas in the limit ␣ 3 0, 0 3 0, because the solute radius vanishes and no osmotic force can be generated.
The dimensionless parametric curves in Figs. 5 and 6 are convenient for quickly estimating 0 for a given periodic fiber array in which either ␣ or ␤ 2 are specified. For a given ␤ 2 (see Fig. 5A or 6B) , the fiber radius and fiber matrix periodicity are specified and one varies ␣ or solute radius. For a given ␣ (see Fig. 5B or 6A) , the solute radius and fiber matrix periodicity are specified and one varies ␤ 2 or fiber radius.
